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4 refractive index of  the material via the linear electro-optic effect (figure LId). Typical 
field strengths of  a few 100 V  fcm are generated [4]. The subsequent diffraction 
grating can be used to measure the strength of the photorefractive effect. This 
technique is used throughout this thesis to characterise materials of  interest. 
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Figure 1.1 The photorefractive response to a sinusoidal intensity pattern. 
A more thorough description of the photorefractive effect is introduced in chapter 2. 
10 understanding that will enable optimisation of  the hybrid device. Through a 
combination of  optical and atomic force microscope experiments the possible 
presence of  another mechanism has been isolated to the Ce:SBN window rather than 
the liquid crystal layer. This is an important step towards the full understanding of  the 
physics within the inorganic photorefractive hybrid and identifies a need for better 
theoretical treatments which are not available currently. 
In order to improve the speed of  the inorganic-organic hybrid device developed in 
chapter 3, a new hybrid photorefractive cell comprising a nematic liquid crystal layer 
in combination with an iron doped KNb03 window is described in chapter 5. The 
Potassium niobate hybrid is shown to exhibit faster response times than the Ce:SBN 
hybrid. This is an important result for my particular application. 
Most of  my studies have concentrated on the development of photorefractive hybrids 
for two-beam coupling but a potentially more compact solution is to use a counter 
propagating technique. In chapter 6, the reflection geometry photorefractive effect is 
introduced. The change in optical density and response times are measured for three 
crystals; a commercially grown piece of Fe:LiNb03, an in-house grown Fe:KNb03 
crystal, and a commercially grown Fe:KNb03 crystal. Fe:LiNb03 and Fe:KNb03 are 
then used in tandem configuration to improve the response over that available with a 
single crystal. 
In chapter 7, the work presented in this thesis is concluded with a summary and 
suggestions for further research. The publications arising from the work presented in 
this thesis are listed. 
12 1.4  Optical effects that arise  through photo  refraction 
1.4.1  Optical damage 
Photorefractivity was discovered in 1966 as an optical damage mechanism in 
inorganic ferroelectric electro-optic crystals [1] that destroyed the spatial profile of  a 
laser beam as it passed through a lithium niobate crystal. It was deduced that at high 
optical densities, two-photon absorption due to impurities within the crystal produced 
excited states that generated electrons. The electrons then migrated out of  the 
illuminated regions and were trapped in the dark regions surrounding the beam. The 
inhomogeneity in the charge distribution produced a space charge field that induced a 
change in the refractive index across the beam penetrating the material and therefore 
destroyed the optical quality of  the beams [4]. At high powers the photorefractive 
effect can lead to self-focussing and result in optical damage. 
1.4.2 Two beam coupling in transmission geometry 
A crucial property of  photorefractives, which is exploited in the work presented in this 
thesis, is that the photorefractive grating can be phase shifted with respect to the 
initial optical interference pattern (see figure 1. ~), resulting in asymmetric diffraction 
whereby one of  the beams diffracts light into the other beam. One beam is amplified 
at the expense of  the other which is attenuated. This process is known as two-beam 
coupling [3] and I use it extensively throughout my thesis to characterise materials. 
This effect is best described by considering the effect that the induced grating has 
upon the interfering beams, figure 1.2, in what is referred to as transmission 
geometry, where the transmitted wave and the diffracted wave exit from the same side 
of  the material. 
13 diffusion of  charges by Ammodei [12], and the photovoltaic effect in Glass. The 
benefits of  crystalline photorefractive materials include longer storage times than non-
crystalline photorefractives and are considered for applications for long term data 
storage [13]. However more recently liquid crystals and polymers have been 
considered for dynamic holography [14]. 
The demonstration in 1979 of  optical phase conjugation on the milliwatt pump power 
scale in BSO [15] earmarked photorefractives for low power continuous wave non-
linear optical processes. The discovered generation of  conjugate waves has attracted a 
lot of  attention in the literature due to the fascination of  the idea of  time reversal and 
demonstrations in which severely distorted optical beams can be restored to their 
original unabberated state. 
Photorefractives can also be used for image sensing through highly scattering media, 
as scattered photons with longer path lengths pass undetected through the material [4], 
as only photons that lie within the coherence length of  the laser will contribute to the 
interference pattern. The ballistic photons that pass straight through the material arrive 
first and are used to form the image. 
In summary, photorefractives have been proposed for many applications, those above 
and others such as coherent image amplification [16], edge enhancement and Fourier 
transform manipulation [17], and optical filtering [3]. 
However the work presented in this thesis is focussed towards an application that is 
classified and cannot be described in detail here, but further details can be found in 
18 LiNb03  cl=43  nl=2.286  rl3=9.6  0.4-0.7  -
3m  C2= 43  n2=2.200  r22=6.8 
c3=28  r33=30.9 
rSI=32.6 
InP  c=I2.6  1.45  r41=1.45  0.85-1.3  52 
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Table 1.1. Common photorefractive materials and their material parameters. 
The quantity n\ij is known as the dynamic range and governs the maximum possible 
change in refractive index, rij is the electro-optic susceptibility tensor and is discussed 
further in chapter 2. Table 1.1  shows that the dynamic range is greatest in BaTi03 
followed by SBN. For strong two beam coupling, a large change in refractive index is 
important so BaTi03 is the obvious choice. However, BaTi03 is too slow to be of  use 
for my application. My application requires a simple device that exhibits reasonable 
response times and therefore my work has focussed on the use of SBN as a simpler 
and faster system. SBN does not require the application of  an external field and the 
charge migration mechanism, which will be discussed in detail in chapter 2, results in 
optimum energy transfer conditions. Optimum energy transfer conditions occur 
because the phase shift between the optical interference pattern and the refractive 
index grating is 1[/2. 
Pure inorganic crystals do not usually possess a high sensitivity to light but doping 
them with transition metals can make them much more photosensitive. Transitional 
metals are used due to their ability to give electrons to the conduction band under the 
21 action of light.  Different dopants can increase the functional wavelength of  a 
photorefractive material. The most commonly available dopant for SBN is cerium and 
iron for LiNb03 and KNb03. These dopants have been used in the crystals described 
in this thesis. Cerium occupies the strontium sites in SBN (Ce3
+ and Ce
4
+ are the 
oxidation states); whereas iron occupies the niobium sites in KNb03 (Fe
2
+ and Fe3 + 
are the oxidation states). As mentioned, the photorefractive effect relies upon the 
redistribution of  charges in impurities. It is therefore highly desirable to control the 
type of  traps and their concentrations. This is conveniently done by doping. When a 
material is doped with acceptors or donors they may reside anywhere in the forbidden 
energy band. An important factor is the energy or position of  these trap levels within 
the forbidden band as this determines the spectral response of  the photorefractive 
effect (figure 1.4). The photon energy therefore has to be larger than the energy 
difference between the trap level and the relevant band in order for the photon to be 
absorbed. Another important consideration is whether the traps are deep-level traps 
situated near the middle of  the band gap or whether they are shallow traps located 
close to the conduction or valance bands. In the case of  shallow traps, thermal 
excitation and optical intensity can playa major role in determining whether a 
particular level is active, any trap which is very close to a band will be completely 
ionised by thermal excitations. 
22 charges within the composite could be photogenerated. Given the strength of  the 
orientational enhancement effect in polymers, the potential for the use of  nematic 
liquid crystals in photorefractive devices becomes prominent. Nematic liquid crystals 
are ideal for observing the orientational photorefractive effect because nematic LC's 
are designed to have a strong orientational response, and no nonlinear optical dopant 
is necessary because the LC is the birefringent component. Therefore, essentially the 
entire medium contributes to the birefringence rather than the fraction of  nonlinear 
optical dopant. In 1994 photorefractive liquid crystals were first reported [27, 28]. In 
dye doped liquid crystals the photorefractive properties have rapidly improved in just 
a few years. These improvements resulted from new liquid crystal mixtures and a 
better understanding of  the photoinduced charge transfer processes in LC's. The large 
optical non-linearities at low light intensities and large molecular anisotropies of 
liquid crystals (LCs) make them attractive materials for use in two-beam coupling and 
large gain coefficients (~3700  cm-
I
)  have been reported [29]. This compares to net 
gain coefficients for polymers that range upwards of200cm-
1 and inorganic 
ferroelectric materials and semiconductors with gain coefficients of 10cm-
1 to 
40cm-
I[4]. 
Conventional LC devices .common1y comprise a thin LC layer between indium tin 
oxide (ITO) electrodes, figure 1.5. Surfactant or rubbed polymer coatings on the inner 
electrode surfaces cause the molecular directors to align (homeotropically or co-
planar) to a common direction reducing light scattering and allowing modulation of 
the local refractive index by the photorefractive space-charge fields [30, 31]. 
Photoexcitation in a fullerene such as C60 followed by charge migration and trapping 
allows a space-charge field be to developed in the LC [30, 31]. In order to generate 
24 the mobile ions that can produce a space-charge field in liquid crystals, the LCs are 
doped with easily oxidised molecules, such as the laser dye R6G [30], that undergo 
photoinduced charge separation. For ion generation, photoexcitation of  the donor 
molecule is followed by collisional interactions with the neutral electron acceptor 
molecules. This is followed by charge separation and generation of  an ion pair. The 
critical final step is for a fraction of  the ion pairs to form solvent separated ions. Only 
the solvent separated ions can diffuse through the LC to create an inhomogeneous 
spatial charge distribution over macroscopic length scales. 
Component along 
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Figure 1.5. Schematic of  a conventional photorefractive hybrid cell. 
However, although the gain exhibited in these conventional hybrids (figure 1.5) is so  .  .  . 
large compared to inorganic materials, it presents too much of  a compromise on 
device operation for my application. Photorefractive gratings in LC's operate in the 
Raman-Nath regime, producing multiple diffraction orders, unlike the Bragg regime 
that can be easily obtained using inorganic crystals. This is due to larger fringe 
spacings in LC's as a result of space-charge field formation through ion diffusion. Ion 
diffusion does not lend itself to small fringe spacings because of ion recombination 
25 issues [4], as the collective director orientational response necessitates larger fringe 
spacing. Also, to induce directional charge transport along the wave vector axis a 
small electric field (~O.O  1  V  /~m) has to be applied across the LC layer compared to 
some inorganic crystals such as SBN and KNb03 that are entirely passive (as well as 
promote Bragg diffraction conditions). The applied field is also needed due to the 
collective orientational response that produces the refractive index change. Since 
charge migration is dominated by drift, small «< 90°) phase shifts between the 
writing interference pattern and the resulting refractive index grating, which restricts 
the amount of  power transferred between the beams. In SBN and KNb03 charge 
migration is dominated by diffusion promoting optimum energy transfer conditions 
that have already been mentioned. Finally, Cell lifetime can also be short due to 
photo-chemically induced degradation, initiated by the added dopants (such as C60) 
unlike inorganic solid-state crystal windows. 
To alleviate these issues the work in this thesis is therefore centred on the 
development and characterisation of  novel inorganic-organic photorefractive hybrid 
devices in which the nonlinear gain available from a liquid crystal layer is induced by 
the space-charge generation properties of  an inorganic window. The concept of  using 
an inorganic window to influence a LC layer is completely new. It will be shown that 
this hybrid approach alleviates many of  the above problems associated with normal 
photorefractive liquid crystal cells and dramatically enhances the response compared 
with inorganic materials alone. 
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Figure 1.6. Hybrid liquid crystal/inorganic cell construction. 
The basic window property required to exploit the liquid crystal layer for beam 
coupling is the ability to support a space-charge field through photoexcitation, charge 
migration and trapping. It should not be necessary that the space-charge field induces 
a local electro-optic response since modulation of the refractive index occurs in the 
Le. When the space charge field penetrates the liquid crystal layer, the dipolar 
28 molecules align with the field lines and consequently present a different dielectric 
profile to the incident laser light and therefore a change in refractive index that shares 
the periodicity of  the space charge field. Charge migration must be diffusion 
dominated to achieve a 90° phase shift between the interference pattern and the 
grating. Materials in which charge migration is drift dominated (as a result of applied 
fields) are less desirable unless the drift field is comparable to the saturation field (in 
which positive and negative charges are spatially separated by a complete grating 
period). The best materials will also have high trap densities facilitating fine grating 
spacings although this requirement can be relaxed by appropriate choice of the 
dopant. Materials too lossy for conventional applications can be used since absorption 
loss can be minimized with thin windows and is limited only by the Debye screening 
length and their mechanical strength (although support of  thin photorefractive wafers 
by glass could ease this problem). Very thin windows comprising epitaxially stacked 
layers of  different crystals could address issues of  both mechanical strength and 
spectral bandwidth of  the device [32]. 
Some materials are more suitable than others for inorganic-organic hybrid cell 
fabrication. Fe:LiNb03, for example, can develop a very strong space-charge field for 
extraordinarily polarised light with the grating k-vector parallel to the crystal c-axis, 
aided by the photovoltaic effect. However, extraordinary polarised light causes beam 
fanning through the accumulation of  bulk photovoltaic charges on either side of  the 
pump and signal beams severely degrading device gain and resolution. Ordinary 
polarised light greatly reduces photovoltaic beam fanning but it also reduces the 
magnitude of  the space-charge field. Other problems associated with Fe:LiNb03 are a 
relatively low sensitivity and very long grating lifetimes requiring intense optical 
29 exposure and/or thermal cycling for erasure. Optically active materials, such as the 
silenites (e.g. BTO and BGO), rotate the incident beam's polarisation necessitating 
very thin windows and careful adjustment of  the input polarisation state according to 
laser wavelength and window thickness to prevent loss of  beam coupling efficiency 
arising from accidental misalignment of  the polarization and grating k-vector at the 
liquid crystal boundary [32]. For these reasons I have chosen to use SBN and later 
KNb03, which are not optically active, have short grating lifetimes, and are 
dominated by diffusion. 
The advantages of  using an inorganic window compared to a doped polymer layer or 
a semiconductor are: 
•  High trap densities can be exploited so that fine grating spacings can be 
realised. 
•  An optimum phase shift of  90° between the optical interference pattern and the 
diffraction grating can be reached for optimum power transfer between beams. 
•  Bragg-matched diffraction conditions. 
•  Gain contribution from both the crystal window and the liquid crystal layer. 
The disadvantages are that inorganic windows are considerably more expensive to 
grow; they require cutting and polishing, and the crystal axes needs to be orientated, 
usually by x-ray diffraction. Good quality uniform inorganic windows are less readily 
available. Whereas, doped polymers are relatively simple to synthesise and can be 
spin coated on cheap glass substrates. 
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Figure 2.2. Small signal gain characteristics of  a Ce:SBN window. 
The gain characteristic can be explained in terms of  the saturation field. Although the 
diffusion field, ED, varies inversely with grating spacing, the saturation field, EQ, 
varies proportionally with the grating spacing and limits the magnitude of  the space-
charge field explaining its reduction at higher beam angles (at finer grating spacings). 
A higher effective trap density would allow a stronger space-charge field to be 
achieved at finer grating spacings. From equation 2.35 and using the experimentally 
determined Debye screening length, the calculated Ce:SBN space-charge field as a 
function of  beam angle and grating spacing for equal signal and pump powers is 
shown in figure 2.3. 
46 A 90° phase shift between the optical interference pattern and the diffraction grating 
was confirmed by always measuring a drop in gain as a varying voltage was applied 
to the piezoelectric controlled mirror (figure 2.6). The time at which the voltage was 
applied corresponds to the point at which the intensity of the pump beam starts to 
increase and the signal beam intensity decreases (in figure 2.6). Had the gain 
increased at any point, the phase shift would not have been equal to 90°, but this was 
not observed. 
Figure 2.6. The small signal intensity as a function of time. The top trace is the signal 
beam and the bottom trace is the pump beam (time base lOOms/division). 
A lie response time of  ~120ms  was measured, figure 2.7, at a beam intersection angle 
of  22.0°. The trace was obtained by erasing any residual gratings with a white light 
source then allowing the signal beam through the crystal. A shutter was then used to 
allow the pump beam through the crystal, corresponding to the peak intensity in figure 
51 Chapter 3 - Inorganic-organic photorefractive hybrid 
In this chapter, a liquid crystal layer is used to accentuate the gain from an inorganic 
photorefractive window. The hybrid photorefractive approach that has been explained 
in chapter 1 exploits the attractive properties of  inorganic crystals and promotes 
higher overall gain that is available from either device alone. The influence of the 
space charge field, developed in the inorganic material, upon a liquid crystal layer is 
described and modelled to make quantitative predictions about the enhanced nonlinear 
response. A number of  hybrid cells with different liquid crystals and alignment layers' 
are fabricated and characterised. The results demonstrate the enhanced performance. 
However some of  the results were unexpected and these are discussed. 
3.1 Preparation of Ce:SBN hybrid cell 
The Ce:SBN windows characterised in chapter 2 were used in the experiments 
reported here. The windows were 20mm x 20mm x 1  mm in size with c-axes aligned 
parallel to one of  the 20mm edges. Charge migration is dominated by diffusion in 
SBN ensuring a 90° phase shift between the interference pattern and the space-charge 
field at all grating spacings. The lack of optical activity and photovoltaic fields 
reduces experimental complications and simplifies theoretical estimates of  the surface 
space-charge fields. 
The interior surfaces of  the Ce:SBN windows were first coated with an appropriate 
alignment layer. For homeotropically alignment a dilute solution (~0.125 weight % in 
ethanol) of  either HTAB (Hexadecyltrimethylamonium bromide) or Quillon S 
(Octadecanoata chromic chloride hydroxide) was used. For planar alignment a 
solution ofO.2mg ofPVK (polyvinylcarbazole, average molecular weight of 
55 1,100,000) dissolved in 10mL of  chi  oro  benzene was used. The windows were then 
spin coated at SOOOrpm for 30 seconds and subsequently oven-dried for two hours at 
temperatures below SO°C (to avoid exceeding the Curie temperature of  Ce:SBN, 
approximately 6S0C).  When dry, the PVK coated windows were uniaxially rubbed 
using a velour coated roller. The planar rubbed cell windows were assembled with the 
rubbing directions anti-parallel to each other to avoid molecular alignment 
discontinuities arising from any surface molecular tilt. PVK was used in preference to 
other polymers such as PV  A (polyvinyl alcohol) or polyimide because it is robust to 
rubbing and easy to apply and remove using solvents. Once coated, the cells were 
assembled with the crystal c-axes parallel to the window edge and perpendicular to 
the 12.Sllm thick copper foil spacers, as shown in figure 3.l. 
Figure 3.1 Hybrid cell cross-section. 
Ce:SBN Crystal (Arrow 
shows crystal c-axis) 
PVK alignment layer 
(AITOW shows rubbing 
direction) 
Liquid crystal layer 
The foil was rolled between a glass cylinder and a glass plate prior to assembly to 
remove any edge burrs. The spacers extended beyond the ends of  the cell allowing it 
to be trapped between the clips and the cell windows so transverse electric fields 
56 generate an index grating with the same spatial frequency as the optical interference 
pattern. Ideally, the relative direction of  the tilt should be chosen such that the local 
variations of the liquid crystal and window refractive indices are spatially matched, 
enabling the LC to add to, rather than subtract from the refractive index modulation of 
the window. This might be affected electrically by applying a transverse D.C. field to 
the cell causing the liquid crystal molecules to tilt assuming strong anchoring 
conditions, or in the case of  planar alignment, by rubbing the surfaces of the windows 
at an angle of  45° to the c-axis orientation so that the LC molecules present an 
asymmetry. 
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Figure 3.3. Effect of molecular alignment symmetry in the liquid crystal layer 
61 3.3 Two beam coupling in a photorefractive hybrid 
An analytical solution for beam coupling in a hybrid photorefractive liquid crystal cell 
has been developed [5] that offers a route to quantitative gain predictions. The hybrid 
cell model considers layer(s) of  un  doped nematic liquid crystal contained between 
wafers of  photorefractive crystal or photoconductors. Reference 5 assumes 
reorientation of  the liquid crystal by the evanescent component of  the space charge 
field propagation from the photorefractive layers, leading to a modulation of  the 
liquid crystal refractive index in the physical way described in the previous sections 
of  this chapter. Coupled wave theory is used to derive the small signal gain as a 
function of  the liquid crystal parameters. The resulting small signal intensity gain is 
given by: 
(3.10) 
So the apparent intensity gain coefficient across the liquid crystal layer is given by 
(3.11) 
Where 
(3.12) 
(3.13) 
.  (3.14) 
(3.15) 
And 
62 The gain of  the Ce:SBN windows varied slightly with position across the cell face, so 
a mask was used to ensure all gain measurements were repeated at exactly the same 
position on the hybrid cell face. An accurate determination of  the local window gain 
for each new measurement set was essential to determine the gain contribution from 
the liquid crystal layer. Each time a new cell was constructed, the gain characteristics 
of the empty cell as a function of  angle were first measured. The total gain of  the 
filled cell divided by the empty cell gave the gain contribution from the LC layer. For 
each beam angle and LC system, a simple glass cell of identical thickness and LC 
alignment was substituted for the hybrid cell to check whether any of the net gain 
from the hybrid cell arose from direct optical field interaction with the LC system or 
from induced thermal effects. In all of  the experiments no beam coupling, diffraction, 
scattering or beam degradation was observed; all of  the LC gain came €xclusively 
from the Ce:SBN space-charge field induced molecular realignment. 
3.5 Results and discussion 
3.5.1 Homeotropically aligned hybrid cells 
The homeotropically aligned cells were fabricated (with HTAB or Quillon S 
surfactants) using 5CB, E7 and TL203 LCs. A summary of  the LC parameters used is 
given in table 3.1. 
., 
65 Peak small signal  Optimum grating  Liquid crystal  Alignment layer 
gain coefficient  spacing (I,m) 
(em-I) 
1300  2.0  5CB  HTAB 
1650  2.0  E7  PVK 
400  2.0  TL203  HTAB 
Table 3.2. A summary of  the measured peak small signal gain coefficients. 
It should be noted that although the gain is justified for the hybrid system, the 
calculated gain coefficients that represent the gain per unit length might be misleading 
because the calculation a~sl:lmes that there is equal gain over the whole length in the 
hybrid. This is likely to be incorrect due to the non-linear nature of the space charge 
field which is stronger nearer the surface of  the photorefractive. Consequently, more 
real information about where the gain is occurring is needed. 
67 coefficient of  just over 1650 cm-
I
. Unlike the horizontally and vertically rubbed 
systems, the 45° rubbed cell did not respond to the 7~m  grating period. 
Different rubbing directions of  the liquid crystal were investigated to present a 
different asymmetry to the input laser light. The asymmetry enables the refractive 
index modulation to follow the sign of  the local space-charge field and generate an 
index grating with the same spatial frequency as the optical interference pattern. 
When the relative direction ofthe molecular asymmetry is chosen so that the local 
variations of  the liquid crystal and window refractive indices are spatially matched the 
LC contributes to the refractive index modulation of  the window, rather than 
subtracts. 
;'~.  , .  ' 
72 In a similar manner to the homeotropically aligned hybrid cells, the gain of  the planar 
aligned cells did not saturate in the undepleted pump regime. The small signal gain 
peaked or plateaued followed by a gradual fall in gain as the signal was reduced. As 
with the homeotropic cells, the planar cells' small signal gain began to fall for signal 
to pump beam intensity ratios of  greater than I :4000 respectively (equivalent to a 
signal intensity of  250/lW cm-
2 for a pump intensity of I W cm-
2
). The minimum 
signal strength for maximum gain was largely independent of  the grating spacing. 
However, the 45° rubbed cells small signal gain characteristics were asymmetric with 
rubbing direction. The 45° cell small signal gain was higher for _45° rubbing direction 
than for a +45° rubbing direction. The relative rubbing direction was changed from -
45° to +45° simply by rotating the cell through 180° about the cell c-axis, so that the 
beams entered through the opposite face. Figure 3.8 shows the difference between 
gain profiles for the two 45° rubbing directions. There was no equivalent asymmetry 
with the horizontally and vertically rubbed cells, or indeed with the homeotropic 
systems, and the relative gain did not change when the cell was rotated about the 
crystal c-axis. 
The lack of  response of  the 45° rubbed planar cells at a 7/lm grating spacing was a 
surprise, especially as the field penetration depth at this grating spacing was 
comparatively large. A monotonic decay of  the photorefractive response as a function 
of grating period was anticipated. The difference in the two gain profiles with rubbing 
direction for the two 45° planar cells was probably due to small differences in the 
surface anchoring energies of  each window. Minor, uncontrollable, process 
differences in the spin-coating and rubbing procedures for each window could easily 
affect the local anchoring energies. The lack of  LC birefringence in the vertical and 
74 horizontal planar cells allowed a higher net space-charge field in the windows, 
making these cells less sensitive to minor variations in the surface anchoring energy 
of each window. 
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75 Figure 3.8. Gain versus signal intensity characteristics of  the PVKlE7/Ce:SBN 45° 
rubbed hybrid cell. 
A general observation from the hybrid cell data is that most of the space-charge 
induced refractive index modulation within the LC layer was probably homeotropic in 
nature, even for the planar aligned systems. The gain characteristics of the planar 
aligned cells were largely independent of the rubbing direction, indicating that the 
molecular realignment is unlikely to have been in the plane of the cell windows. [n-
plane molecular modulation should be zero for horizontal rubbing since the space-
charge field would have occurred along the molecular director axis and would not 
have induced any planar realignment. However, owing to the highly non-uniform 
field profile away from the inorganic crystal surface, the LC molecules would have 
experienced torques out of  the plane of  the cell windows, resulting in a largely 
homeotropic realignment, irrespective of  the initial rubbing direction of the planar 
cells. 
76 of  the maximum space charge field  (~500Vcm-l) . Theory predicts that the phase shift 
between the optical interference pattern and the diffraction pattern should change by 
at least 5°, a change that should reduce the gain measured by more than 10%.  No 
evidence of  higher order grating periods at zero voltage was found, even though under 
these conditions the LC molecular alignment was nominally symmetric. It is difficult 
to understand how the beam coupling could remain Bragg matched and unidirectional 
for symmetrically aligned LC molecules. The implication is that all of  the hybrid cells 
intrinsically had broken symmetries. Given the many alignment schemes and the 
range of  LCs tested, it is difficult to understand how a systematic alignment 
asymmetry could have occurred. Ce:SBN is not known to generate a significant 
photovoltaic field which might otherwise have accounted for the apparent molecular 
asymmetry. Ifpresent, a D.C. photovoltaic field would have to have been quite large 
in order for the applied transverse fields to have little effect. However, the phase shift 
measurements suggest that there was no significant photovoltaic field as this would 
have affected the grating phase shift, especially at coarser grating spacings. For the 
planar rubbed systems the influence of  surface molecular tilt as a source of intrinsic 
alignment asymmetry was considered, although the same argument is difficult to 
apply to the homeotropic cells. Molecular tilt is a common feature of  planar rubbed 
systems [8,9], even though an obvious surface tilt is not common with PVK rubbed 
systems, and recently large molecular pre-tilt has been observed on Ce:SBN windows 
[10].  However, the gain in the hybrid cells was not affected by rotating the hybrid 
cells about the crystal c-axis, which rules out this possibility. If  surface molecular tilt 
had broken the bulk alignment symmetry, rotation about the crystal c-axis should 
have reversed the sign of  the relative index modulation contribution from the liquid 
crystal layer. For one propagating direction the LC index modulation would have 
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82 using diffraction of  a reflected probe beam and high-resolution phase shifted 
interferometric profilometry [1]. Both techniques reported that the surface gratings 
exist in the form of periodical corrugations of the same period as that of  the volume 
.grating. The maximum amplitude of  the periodical surface relief measured was 
~6.5nm. This measurement was made possible by the holographic recording of a 
volume grating inside the lithium niobate crystal using two linearly polarised beams 
in a transmission two-beam coupling geometry [1]. The beam intersection angle was 
chosen to give a grating period of  ~  13 .4/lm [1]. The reflection from the faces of  the 
crystal was analysed with a weak randomly polarised probe beam in two ways. Firstly 
the rear face of  the photorefractive crystal, with respect to the writing beams, was 
coated with an optically absorbing black paint and the probe beam was incident on 
and reflected from the front face. Secondly, the rear face was coated with a cold-
sputtered removable 30nm thick film of  gold on which the probe beam was reflected. 
The surface of  the crystal was also inspected with an optic profiler in phase-shifting 
interferometry mode. The image of  the surface contained periodical corrugations. 
Unfortunately, due to the very short grating lifetime in Ce:SBN compared to the 
grating lifetimes in Fe:LiNb03, these techniques cannot be used here. Any probing of 
the Ce:SBN crystal surface has to be carried out simultaneously with the  two-beam 
writing. 
Attempts have been made to overcome the short lifetime in Ce:SBN. Fixed charge 
gratings have b~en  directly observed with a scanning electron microscope [2]. 
However the images obtained had a low signal to noise ratio owing to the difficulty of 
imaging non-conductive surfaces. Therefore no information on the microscopic 
charge structure was obtained from these experiments. Other attempts have used 
87 can be deduced from this measurement. For charge detection, the AFM is used in non-
contact mode where the cantilever is excited at its resonant frequency ((Ol~60 kHz) by 
a piezoelectric transducer. The oscillation amplitude, which is proportional to the 
force gradient in the vicinity of  the surface, is measured with a lock-in amplifier.. A 
feedback circuit keeps the oscillation amplitude constant. Typical tip-sample distances 
used are <IOnm [1]. The sinusoidal voltage applied to the tip for charge detection has 
an amplitude of  2.5V and a frequency of  (02=2 kHz. The electrostatic force signal is 
measured with a second lock-in amplifier at frequency (02. The phase of  this lock-in 
amplifier is set to give a positive output signal when the AFM tip is above a 
negatively charged surface region. This adjustment was controlled using small 
charged surface areas produced by applying voltage pulses of  typically lOV and 20ms 
of  both polarities to the AFM tip, as in [l]. 
Initially, the following experimental optical set-up was used two generate a charge 
grating in the Ce:SBN sample via two-beam coupling whilst being probed by the 
AFM, figure 4.3. 
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Figure 4.3. The initial experimental set-up used to measure the charge distribution and 
topography during two beam coupling in Ce:SBN. 
The labels in figure 4.3 correspond to the following components: (1) Argon Ion laser 
O,,~514nm). (2) Periscope. (3) Anamorphic beam expansion [6] to minimise the use of 
space compared to using a cylindrical lens. (4) A prism used to split the beam, see 
figure 4.4. (5) AFM. (6) AFM positioning holder. 
91 Ce:SBN 
Prism 
Laser Liaht (S14nm) 
Figure 4.4. A schematic diagram of  the resulting two beam coupling arrangement 
using a prism to split the incident laser light and mount the Ce:SBN window onto. 
Initially the signal to noise ratio was rather poor. Noise levels in the topography scans 
were ~  1  OOnm, which greatly exceeds the expected modulation depth (~ 1-1  Onm). The 
problem was subsequently isolated to vibrations from the cooling fans in the Argon 
ion laser. In addition, a significant amount of  unwanted 514nm-laser light was 
incident on the atomic force microscope's position sensitive photodetector during the 
two-beam coupling. A new low scattering optical arrangement was required. The  .  .  . 
experimental set-up was modified at this stage. To avoid mechanical·  noise from the 
laser, a separate optical table was used for the AFM and the laser light was delivered 
through a single mode optical fibre (Thor labs 460 HP). The crystal was illuminated 
in a total internal reflection geometry to significantly reduce unwanted laser light 
reaching the photodiode. The modified experimental set-up is shown in figure 4.5. 
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Figure 4.7. (a) The topography scan taken during two-beam coupling at an optimum 
grating spacing of  2J.lm. (b) Corresponding frequency spectrum. 
The absence of  corrugation in the topography scan and any prominent frequency 
component in the corresponding frequency spectrum show that the amplitude of the 
corrugation is <lnm. The resolution was dictated by the signal to noise ratio. The 
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Figure 4.10. Phase shift between the optical interference pattern as a function of cell 
rotation in the hybrid with and without a LC layer. Zero degrees corresponds to when 
the c-axis is orthogonal to the grating k vector. 
As shown in figure 4.10, the phase shift was either +90
0 or -90
0 depending on the 
sign of  the effective electro-optic coefficient being accessed in the diffusion 
dominated Ce:SBN hybrid. When the c-axis is orthogonal to the grating k vector the 
effective electro-optic coefficient is zero therefore there is no refractive index grating 
so the phase shift is also zero. 
To consider the possible effect of  electrostriction, the two beam coupling gain was 
measured in a hybrid, filled with and without index matching fluid of  similar viscosity 
and refractive index to the E7 liquid crystal, but no increased gain was detected. This 
102 result reinforces the importance of the dipolar nature of the LC molecules in a hybrid 
cell for gain amplification since this fundamental property was absent in the inert 
index matching fluid. This result also reinforces the requirement for LC reorientation 
for gain amplification that requires a driving space charge field rather than an effect 
that is dependent on electrostriction or piezoelectric effects. 
The measured gain as a function of  the angle between the grating k vector and the 
crystal c axis for a hybrid with and without a liquid crystal layer in figure 4.9 implies 
that the absence of  gain at 90° is dominated by the Ce:SBN window since the 
characteristics are identical and in phase. It is still not clear why the refractive index 
grating in the SBN window is needed for gain to be exhibited by the LC layer. The 
space charge field created by diffusion should still exist 90° and be out of  phase with 
the optical interference pattern at all angles. 
To isolate the underpinning mechanism and verify the role of  the LC layer, the small 
signal gain was measured in a planar aligned hybrid cell as a function of  temperature. 
Specifically, the gain was measured through the nematic-isotropic phase transition of 
the liquid crystal. 5CB was chosen because its phase transition temperature (35Co) is 
low enough to access without getting close to the Curie temperature of  Ce:SBN 
(approximately 65°C). The crystal would de-pole if  this temperature was reached.  .  . 
Figure 4.11 shows the results with and without LC layer. 
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Figure 4,11 The small signal gain as a function of  temperature with and without LC 
layer. 
The gain in the hybrid drops significantly, fr~m  ~  1.40 to  ~  1.15, as the temperature 
approaches the phase transition but the gain from the single window is unaffected 
within the experimental error. The difference in gain, ~O,07, between the hybrid and 
the single window at the phase transition temperature arises because the two gain 
measurements were taken at a slightly different place on the aperture of the SBN 
window ~.e. it was due to the non-u~iformity ofthe SBN wind?w. This result implies 
that the liquid crystal phase and bulk reorientation of the molecules is of  key 
importance to accentuate the gain from an inorganic window. 
A satisfactory explanation of the coupling between the inorganic window and the 
liquid crystal layer has not been achieved. However, to maintain the focus of this 
thesis upon improving the nonlinear response the next chapter will build upon the 
concept of  hybridisation and use a faster inorganic window to increase the response 
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Figure 5.1. A schematic diagram of  the KNb03 photorefractive hybrid and the two 
beam coupling geometry. 
A 6 mm x 6 mm x 8 mm Fe: KNb03 crystal was used with a planar rubbed 12.5/-lm 
thick E7 liquid crystal layer. The crystal orientation is shown in figure 5.1. The a-c 
plane was chosen so that the single window results could be compared with those 
reported by [3]. The distance along the a-axis is 6mm. The interior faces of  the 
photorefractive crystal and the glass window were first coated with a solution of 
0.2mg of  PVK (polyvinylcarbazole, average molecular weight of 1,100,000) 
dissolved in 10ml of  chlorobenzene. The windows were spin coated at 5000rpm for 
30s and allowed to dry in a fume cabinet for 3 hours. When dry, the PVK coated 
windows were uniaxially rubbed along the c-axis using a velour coated roller. The 
planar rubbed cell windows were assembled with the rubbing directions opposite to 
107 approximation, has been used that is shown later in this chapter to agree very well 
with experimental results. 
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Figure 5.3. The predicted theoretical space charge field as a function of  angle between 
the signal and pump beams for Fe:KNb03. 
The liquid crystal molecules adjacent to the Fe:KNb03 re-orientate in response to the 
optical interference pattern in the same way as discussed in chapters 3 and 4 causing a  .  .  . 
refractive index modulation. 
It is now necessary to work out the grating build up time to get a handle on the 
approximate response time of  the hybrid device. Since the LC response time (-1  ms) is 
much faster than that of  potassium niobate the hybrid device is dominated by the 
response time of  the potassium niobate window. For fringe spacings large compared 
ill 60~------------------------------------------------------. 
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Figure 5.4. The transmission as a function of  wavelength for Fe:KNb03 with the input 
light polarised parallel (blue line) to the crystal c-axis and perpendicular (pink line). 
As shown in figure 5.4, the absorption was ~  50% at 532nm with the input light 
polarised parallel to the crystal c-axis, allowing for reflection loss,  compared to 
~55%  in the perpendicular direction. This level of  absorption along the crystal c-axis 
was deemed adequate for demonstration of two beam coupling with only a 5% 
increase available in the orthogonal direction. This anisotropy in absorption could be 
due to the asymmetry of  the crystal. 
113 • 
5.3 Experiment 
The same experimental set-up and procedure that was described in chapter 3 (figure 
5.5 below) was used to measure the small signal gain in the potassium niobate hybrid. 
The laser power was adjusted with neutral density filters to produce a local pump 
intensity of  25m  W cm  -2 at the cell input face. Due to the increased thickness of the 
potassium niobate crystal, compared to the thin SBN window, the range of beam 
intersection angles was limited. 
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Figure 5.5. Experimental layout used to assess the Fe:KNb03 hybrid device. 
5.4 Results 
The small signal gain measurements (defined as the maximum gain in the undepleted 
pump regime) of  the Fe:KNb03 window, with and without the liquid crystal layer, are 
shown in figure 5.6 as ·a function of  beam intersection angle. Please note that this 
114 angle is not the half angle between the beams, as used in previous chapters. Also, the 
measured hybrid gain represents the gain coefficient from the  12.5~m liquid crystal 
layer only. 
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Figure 5.6. The small signal gain coefficient as a function of  full beam intersection 
angle for: (1) a Fe:KNb03 window and (2) a Fe:KNb03 hybrid (liquid crystal 
contribution only). The red curve is the same theoretical characteristic shown in figure 
5.2 [5]. The experimental error is within the experimental data point markers. 
115 The experimental measurements for a single Fe:KNb03 window are in good 
agreement with theoretical values predicted by [3]. As shown by the very good fit of 
the theoretical gain characteristic with the measured gain coefficient. This is 
important as the theoretical fit assumes that the dominant charge is electrons rather 
than holes. So, as the fit agrees so well with the theory it is likely that this is the case 
and there is limited electron-hole competition within the grating spacing range of 
274nm - 4/lm. The gain would be less if  this effect was present. 
For all beam intersection angles the phase shift of the grating with respect to the 
optical interference pattern was measured and found to be exactly 90°. The gain could 
not be transiently increased with any movement of  the mirror, even though the piezo 
translation rate was at least 1,000 times faster than the response time of  the hybrid 
cell. Any sudden translation of  the mirror always decreased the amplified signal 
power and increased the transmitted pump power. Also at all grating spacings there 
was no evidence of any Raman-Nath diffraction and the beam coupling appeared to 
be perfectly Bragg matched for all signal intensities and beam angles. The signal 
beam was amplified cleanly with no scatter or obvious distortion. The response time 
for the hybrid was typically 15msec lie for 1  W cm-
1 equal pump and signal intensity 
(figure 5.7), and approximately seconds in the small signal regime. For the Ce:SBN 
hybrid, the response time was typically 50msec lie for 1  W cm-
1 equal pump and 
signal intensity (figure 2.7 in chapter 2), and typically tens of  seconds in the small 
signal regime. The measured response time of ISms is much faster than the 1  s 
response time predicted by theory. This could be due to a much larger quantum 
efficiency and mobility in the Fe:KNb03 crystal than initially predicted. 
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Figure 6.1. Theoretical plot of  change in optical density as a function of f-number for 
a Fe:KNb03 (0.1 % Fe) crystal and a SmW input power pump beam focused in the 
middle of  the crystal (A=S32nm). The crystal thickness was Smm. 
124 Owing to the long-term memory of Fe:LiNb03, the crystal was translated between 
each measurement to avoid superimposing reflection holograms. After passing 
through the crystal, the laser beam was first recollimated with a 25mm diameter 
200mm focal length Newport brand AIR coated plano-convex lens and then re-
focused with a similar 1000mm focal length lens. At the focus of  the 1000mm lens 
was a 400llm aperture. This was used to measure the far-field change in optical 
density. Ideally, the far-field aperture should have been chosen to clip an unaberrated 
beam at the l/e
2 diameter, in this case ~280Ilm. The closest aperture to this size 
available was 400llm that would have transmitted some of the photorefractive induced 
aberrations. The true far-field change in optical density is therefore probably better 
than actually recorded in this experiment. The far-field change in optical density was 
recorded using a ceramic diffuser fitted Thor Labs model20l/57917227 photodiode 
connected to an oscilloscope, placed immediately behind the 400llm pinhole aperture. 
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Figure 6.7. Change in optical density as a function off-number for an in-house grown 
Fe:KNb03 crystal using a 5mW input power pump  beam (532nm) focused mid-
crystal. 
The theoretical fit in figure 6.1  had to be adjusted to fit the in-house grown Fe:KNb03 
crystal data but not for the commercially grown samples. The peak gain co-efficient 
and had to be lowered from lOOcm-
1 to 63cm-
1 to obtain a good fit. This could be 
explained by unwanted impurities introduced during the in house growth process that 
would cause the dark conductivity to increase. The dark conductivity competes 
against the creation of  a grating within the crystal so would lower the gain or 
alternatively, the poling might not have been so uniform in the in-house crystal so that 
the domain uniformity was not a good. This is also possible because the in-house 
grown crystal was poled independently to the other commercial crystals. The lie 
response times were also measured as a function of input intensity using a well 
131 data was not, the gain, and consequently the change in optical density, was lower. 
This is likely to be due to differences in the growth process rather than the 
characterisation since the optical characterisation was the same for both crystals. It 
would be useful to study the chemical composition of each crystal at this point to 
establish whether any impurities have been introduced. The development of  crystal 
growth is discussed in chapter 7. 
The significance of  these results is apparent when compared with the response times 
of  each material. The LiNb03 crystal offers the much needed high change in optical 
density for filter applications but on a much longer time scale (~460ms). Whereas the 
KNb03, due to its smaller peak gain co-efficient, did not exhibit such high change in 
optical density, only half that of LiNb03 ,but its response time was very fast <lOms. 
To harness these attractive attributes from both materials the commercially grown 
crystals of LiNb03 and KNb03 were used in tandem, figure 6.11. This concept was 
investigated to try and combine the optical density and transient response of both 
materials in a single device.  A large f-number lens was chosen (~50) to ensure that 
the focus was constant throughout the length of  both materials and the input peak 
intensity was adjusted to 10 Wcm-
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Figure 6.11. The optical density as a function of  time for LiNb03 and KNb03 used in 
tandem. 
The 532nm laser light was incident on first the KNb03 crystal and then the LiNb03 
. crystal that were held together using an optical mount. As shown in figure 6.11, an 
initial sharp change in optical density is provided during the first lOOms of  exposure. 
This response time compares closely to the response time measured for KNb03, using 
figure 6.8 and extrapolating to a peak intensity of 10 Wcm-
2
. It can therefore be 
associated with the KNb03 crystal. After -lOOms the LiNb03 becomes dominant and 
provides chara9teristic large but slow change in optical density. This result is very 
important for applications where controlling the optical transmission of  a laser beam 
in a focal plane geometry is required, and where there are weight and, volume 
constraints. 
135  . fonned an important step towards the full understanding of  the physics within the 
inorganic photorefractive hybrid. 
To achieve a faster inorganic-organic photorefractive hybrid device a different 
photorefractive material was chosen to influence the liquid crystal layer. The novel 
demonstration of  an iron doped potassium niobate hybrid device has been described. 
The hybrid exhibited the same desirable attributes as the Ce:SBN hybrid. It was 
concluded that potassium niobate offers a good route towards increasing the response 
time of  the device. This is important for our applications. 
The implementation of  a transmission grating optical filter can be complicated 
because the incident laser light has to be split into two, which requires additional 
optical components. To alleviate this issue a counter propagating geometry has been 
studied. Subsequently, a dual device comprising iron doped lithium niobate and iron 
doped potassium niobate has been demonstrated. By exploiting the large change in 
optical density of  Fe:LiNb03 and the speed ofKNb03 an enhanced response was 
achieved. 
In summary, three novel photorefractive devices have been developed that are suitable 
.  . 
for use as frequency agile optical filters and exhibit greater contrast ratios than 
previous passive photorefractive materials. The fundamental understanding in an 
inorganic photorefractive hybrid has been advanced. 
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To push the field forward further and promote further development of  the materials 
and devices reported in this thesis, the research activities described below will be 
pursued. 
7.2.1 Photorefractive hybrid optimisation 
Though the inorganic-organic photorefractive hybrid devices developed in this thesis 
work well no attempt has been made to theoretically model the effect that different 
liquid crystal parameters have on the overall gain that can be achieved in such a 
device. The following parameters therefore need to be considered: 
•  Liquid crystal pre-tilt 
•  Dielectric permittivity 
•  Elastic constants 
•  Phase transition temperature from Nematic to isotropic 
•  Switching voltage 
The influence of  the reorientation of  the liquid crystal molecules on the driving space 
charge field also needs to be considered. As the molecules re-orientate the space 
charge field will be modified. It is important to know how large and significant this 
modification is on the overall gain. Once predictions for optimal parameters have 
been made the existence of such a liquid crystal needs to be reviewed and/or the 
practicality of  synthesising such a molecule would need to be considered. 
The work in chapter 4 established that the absence of  gain, in a Ce:SBN hybrid with 
the crystal c-axis orthogonal to the grating k-vector, is due to the properties of the 
Ce:SBN window. It is important to know whether or not the space charge field 
139 predicted by theory does actually exist for this orientation. Further electro force 
microscopy experiments are needed to establish this. Ideally, using the EFM 
technique reported in chapter 4, the space charge field should be measured during 
two-beam coupling with the crystal c-axis orthogonal to the grating k-vector and 
parallel to calibrate the result. If  the space charge field is actually absent then charge 
screening effects should be considered and the diffusion coefficients for Ce:SBN 
measured. 
7.2.2 Dual device assessment for fast optics 
The measured change in optical density as a function of  time for a dual lithium 
niobate and potassium niobate device was measured at only one f-number. A large f-
number was chosen so that the focus was maintained throughout both materials in 
order to limit any ambiguity associated with the peak intensity in each material. The 
focal length required was dictated by the relatively thick pieces of  crystal. Using thin 
crystals will extend the f-number range over which the change in optical density can 
be measured. Measuring the change in optical density as a function of f-number will 
be useful to assess what f-number system the dual device is suitable for. 
7.2.3 Uniformity improvements 
The graph shown below (figure 7.1) is the measured normalised gain across a 
Fe:KNb03 crystal aperture. The gain was measured at intervals of2mm x 2mm 
squares that make up the full 20mm x 20mm window aperture. The two-beam 
coupling experimental set-up was identical to that described in chapters 2 and 5 
except that the window was mounted on a translational stage. 
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Figure 7.1. The normalised gain profile of a commercially grown Fe:KNb03 window. 
As shown, the gain variance across the crystal window is large and in many places it's 
close to zero. For KNb03 devices to be of benefit this non uniformity must therefore 
be resolved. For this reason the author has initiated two research programmes; one 
that aims to improve the photorefractive performance uniformity across the aperture 
of  a KNb03 window and another that will aim to improve photorefractive  .  . 
. performance for fast optical systems. 
The first programme is  developing a novel chemical route for producing iron doped 
potassium  niobate  (Fe:KN03)  crystals.  Potassium niobate  has  been identified as  a 
very  promising photorefractive material.  However,  comtnercially available  samples 
'vary considerably in  photorefractive performance.  The photorefractive properties of 
141 lithium  niobate  (Fe:LiNb03)  are  known  to  vary  with  crystal  stoichiometry  and  it 
would be expected that KN03 behaves in a similar way. Initial measurements carried 
out  under  a  previous  programmes  imply  that  this  is  the  case.  Thus,  the  primary 
objective of the task is to  determine the relationship between chemical composition, 
stoichiometry and optical performance. 
The second programme will pursue photorefractive fibres in collaboration with the 
optoelectronic research centre (ORC) at Southampton University.  A photorefractive 
optical fibre solution allows the interaction length to be made arbitrarily long, while at 
the same time the high focal plane intensity associated with fast optics can be used 
beneficially to increase the speed of  the device [1]. However, for imaging systems 
single fibres are of little use and many such fibres are needed, arranged in a spatially 
coherent array. The optical imaging resolution is determined by the individual fibre 
sizes and by the array packing density, while the individual fibre diameter and the 
overall interaction length govern the ability to filter laser light. Unfortunately 
photorefractive crystal fibres are extremely difficult, costly, and time-consuming to 
produce [2]. It is impractical with present material production techniques to follow 
this route. The research is therefore following a strategy of  incorporating active 
photorefractive material particles into a passive glass host. If  successful, this route 
should allow photorefractive fibre production using established telecom fibre 
technologies, greatly easing the manufacture of devices and dramatically reducing the 
cost of  ownership. Figure 7.2 illustrates the concept. 
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Figure 7.2. Photorefractive glass-particle matrix fibre concept. 
A successful glass host material for Fe:LiNb03 must have the following properties: 
•  Higher refractive index than Fe:LiNb03 to guide light through the active particles 
•  Chemically compatible with Fe:LiNb03 
•  Lower melting point/viscosity so that the particles ofFe:LiNb03 do not dissolve 
in the host 
•  Lower conductivity so that the Fe:LiNb03 particles can be poled 
In conclusion, a novel inorganic-organic photo refractive hybrid concept has been 
demonstrated experimentally using two different inorganic windows, Ce:SBN and 
Fe:KNb03. This is an important contribution to the field of  photorefractives as this 
technique has been shown to provide a means of  significantly increasing the gain 
from an inorganic crystal whilst still harnessing the attractive attributes associated 
.  .  . 
with inorganic materials. For many applications, increased gain is always 
advantageous and sought after. In addition, the separate demonstration of this 
hybridisation with two different inorganic materials implies that the technique will 
work with any inorganic material that can support both a diffraction grating and space 
charge field that are out of  phase with an optical interference pattern generated by two 
beam coupling. This discovery paves the way for tailoring the performance of  future 
inorganic~organic hybrid devices by careful material choice. 
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